Fifteen tile samples from archaeological digs in central Italy were analyzed for trace element content using comparative neutron activation analysis. To accommodate the simultaneous irradiation of a large number of samples and standard reference materials, we designed a custom sample holder for the Penn State Breazeale Reactor 2″ × 6″ tube and characterized the thermal and epithermal neutron flux across all sample locations. Analysis of sample irradiation data produced concentration values for 14 elements. Statistical analyses of the data set using agglomerative hierarchical clustering indicated that the samples are from two distinct sites, which was confirmed by provenance information received after analysis.
Introduction
The archaeological examination of ancient artifacts has at its roots the desire to determine an object's provenance, or its place of origin, as well as its location in the chronology of human endeavors, in order to learn more about previous human civilizations. For many years, the analysis of these ancient artifacts rested solely on physical characteristics that were readily observable to the human eye: the object's "form, decoration, and subtleties of workmanship" [1] . Modern archaeology, however, uses various analytical techniques to determine the elemental content of such artifacts to supplement the more traditional classification schemes.
Neutron activation analysis (NAA) has been one of the most useful techniques for elemental analysis of archaeological artifacts since the 1960s [1, 2] . While NAA was first proposed in 1936 [3] , it wasn't until 1956 that it was first used for archaeological purposes [4] . Since then, the construction of research nuclear reactors in the 1950s and 1960s with the required neutron flux, as well as the more recent development of high purity germanium (HPGe) detection systems capable of high resolution gamma-ray spectroscopy, have allowed NAA to become the analysis method of choice for archaeological provenance efforts since the 1990s [5] .
In this work, we used comparative NAA to examine Italian roof tile samples dating from the 7th and 6th centuries B.C.E. that were found at archaeological sites near the cities of Tarquinia and Veii in central Italy, as well as statistical methods to determine which samples might be related to one another. These roof tiles are of interest to Roman archaeologists because they were produced during a time of tile manufacturing development. The earliest evidence of a building with a tile roof is the temple of Apollo at Corinth in Greece, dating to about 675 B.C.E. Evidence of tiled roofs in Rome appears within one generation of the first Greek roof tiles, indicating that the technology transfer for roof tile production was rapid. Gleaning information on the trace element content from Roman roof tiles via NAA will assist archaeologists in their investigations of how this technology may have spread or undergone further innovations during this era, as well as provide information on the possible clay sources used to manufacture the tiles [6] .
Theory
NAA for trace element analysis can be implemented in several ways, including the instrumental NAA (INAA), comparator NAA, and single-comparator (k o ) NAA methods.
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Comparator NAA has been the preferred NAA method in archaeological investigations [5] , as it eliminates the need for absolute neutron flux measurements, and absolute knowledge of the detector efficiency and any geometry effects during radioactive counting measurements, due to the careful selection of the comparator standards. For comparative NAA, the comparator standard is chosen so that it has a nearly identical physical form and geometry, as well as a suite of trace elements mirroring those expected in the unknown sample. When the standard and the unknown samples are irradiated next to one another, they experience the same neutron flux. Even when there are enough samples that the neutron flux is not exactly identical, as in the case of this work, it is relatively simple to determine the neutron flux at one location in the sample holder relative to another during a single irradiation, and the absolute neutron flux values are not necessary.
Elemental concentrations in the unknown samples were determined via Eq. (1) ; and F is the relative thermal neutron flux correction.
Measured quality control results were evaluated against their corresponding NIST-reported values using z-scores as described in Ref. [7] . The z-scores were determined using Eq. (1), where σ measured and σ reference are the uncertainty of the measured and reference values for the measured element. For data evaluation, z < 2 is considered acceptable, 2 < z < 3 is considered alarming, and z > 3 is unacceptable.
The measured elemental concentration data from the tile samples were analyzed using agglomerative hierarchical clustering (AHC) methods. Briefly, AHC examines a set of data points to determine the 'distances' between each data point. The two most similar data points are then categorized as a cluster. The analysis is performed repeatedly, each time
adding an additional data point to an existing cluster or, if two unclustered data points show the smallest distance, creating a new cluster. This process continues until all of the data points have been partitioned into a set of clusters in a hierarchy defined by the distance measures [8, 9] . AHC methods have proved useful in analyzing multi-element NAA data sets for environmental and other samples (e.g. [10, 11] ). For this study, the data were standardized such that the mean value for each variable is zero and the variance is unity; this standardization prevents inappropriate influence on the clustering analysis from different measurement scales. Standardized Euclidean Distances (SEDs) using the Ward linkage method were calculated to determine which pair of samples has the smallest distance. The pair of samples with the smallest distance were joined to form a cluster; the analysis was then repeated until all the data points had been assigned to clusters.
Experimental
A selection of 15 tile samples (numbered 139-153) from archaeological digs in Tarquinia and Veii in central Italy were provided by Colgate University. Some of the samples were reddish-brown and clay-like and could be crushed easily into powders, while others were hard, rock-like, and were varying shades of grey and black (Fig. 1) . Approximately 30-100 mg of each sample were encapsulated in high-purity quartz ampoules (Heraeus Suprasil 310) capable of maintaining sample integrity during irradiations longer than 4 MW-hours (a total neutron fluence of > 10 17 n/cm 2 ). Multiple samples of two standard reference materials (SRMs) from the National Institute of Standards and Technology (NIST) were included in the irradiations. NIST SRM 98b Plastic Clay served as the comparator standard and NIST SRM 679 Brick Clay served as the quality control standard.
The irradiation of the tile samples and the SRMs occured in a 2″ × 6″ tube that was placed adjacent to the Penn State Breazeale Reactor (PSBR) core face, as shown in Fig. 2 . The PSBR is a 1 MW TRIGA reactor with a moveable core and pulsing capability that has been in operation since 1955. The flexibility offered by the movable core allows for the temporary use of fixtures such as the 2″ × 6″ tube for specialized irradiations. To accomodate the 28 samples (tiles and SRMs), a custom sample holder was designed to fit in the 2″ × 6″ tube (Fig. 3) . The calculation of the thermal and resonance neutron flux profile for the custom sample holder followed the method outlined in ASTM Standard E262-03 [12] and ASTM Standard E261-10 [13]. Briefly, bare gold-aluminum wires and cadmium-covered goldaluminum wires were irradiated to determine the thermal and resonance neutron flux across the sample holder. The highest neutron flux location was normalized to unity, and the normalized neutron flux profile was used to caluculate correct elemental concentrations, as noted by the variable F in Eq. (1). Samples 139-146, three comparator SRMs, and three quality control SRMs were irradiated on the top row of the sample holder; samples 147-153, two comparator SRMs, and two quality control SRMs were irradiated on the bottom row of the sample holder.
Because the pottery samples were suspected to contain elements that would activate to become a mix of short-, intermediate-, and long-lived radioactive isotopes, multiple irradiations and radioactive counting times were required. The determination of short-lived isotopes was accomplished via a 6 min irradiation at a reactor power of 110 kW, a minimum of 2 h of decay time, and sample counting for 15 min. The samples were then re-irradiated for 8 h at a reactor power of 900 kW and were counted 8 days after irradiation for 50 min and 22 days after irradiation for 3 h.
The samples were measured using an automatic sample changer system noted elsewhere [14] . The system has a capacity of over 90 samples, can be programmed for counting times ranging from a few seconds to several days, and measures the gamma rays emitted from the samples with a high purity germanium (HPGe) detector (Canberra GC1518), a digital spectrum analyzer (Canberra DSA-2000), and Genie-2000 software (Canberra). Before the AHC analysis in this work, the elemental tile data set was standardized, such that the mean of the data set was zero and the variance of the data set was unity to remove any inappropriate influence of different measurment scales. After the data were standardized, the calculation of the Euclidean distances and the accompanying heirarchial clustering were performed using Minitab 19 software [15] .
Results and discussion
The relative thermal neutron flux profile determined for the custom sample holder is shown in Fig. 4 . The approximately 20% reduction in thermal neutron flux in the lower row of the sample holder is attributable to the axial neutron flux variation in the PSBR core. The active fuel region in the PSBR is 15 in. (38.1 cm); the neutron flux peaks slightly below the axial center of the fuel and dimishes towards the top and bottom of the fuel area due to the escape of neutrons to the surrounding water coolant/moderator. The normalized values shown in Fig. 4 were used to calculate the elemental results noted in Tables 1 and 2 . Table 1 shows the measured elemental concentrations from a representative quality control sample of NIST SRM 679 Brick Clay. For all of the elements in Table 1 , z < 2, indicating that the measured results are acceptable when compared to the reported reference value [7] . Indeed, the very low z-scores for several elements indicate a high degree of accuracy for the quality control measurements.
The elements of interest to our archaeological collaborators were cesium, chromium, europium, hafnium, rubidium, scandium, and thorium. We were unable to measure cesium and thorium in any of the samples, but we were able to measure the other five elements plus an additional nine elements (sodium, potassium, manganese, iron, zinc, strontium, zirconium, antimony, and barium). All of the measured elemental concentrations in the tile samples are shown in Table 2 . Typical measurement errors, partially due to the evaluation of the flux profile in the irradiation fixture, were mostly in the 10-15% range, while a few elements (e.g. strontium and zirconium) had error values of 15-25%. A cursory glance at Table 2 shows that the comparator NAA technique is capable of the simultaneous measurement of elemental concentrations across more than four orders of magnitude. Further examination of the Table 2 data using bivariate scatter plots showed that samples 150-153, and possibly 149, have a noticeable difference in some elemental Fig. 5 Dendrogram of the agglomerative hierarchical clustering performed using the pottery sample data in Table 2   Table 3 Amalgamation steps in the formation of the clusters shown in Fig. 5 Step concentrations (e.g. europium, rubidium, and hafnium) than samples 139-148.
To further examine this initial grouping of samples 139-148 (and possibly 149) and 150-153 into distinct groups, the data from Table 2 were analyzed using agglomerative hierarchical clustering methods. The AHC results are shown in dendrogram form in Fig. 5 . The cluster analysis shows distinct similarity within the group comprising samples 139-149 and within the group comprising samples 150-153. Furthermore, the analysis shows a significant Euclidean distance between the two groupings, indicating that they are likely unrelated to each other. Table 3 shows the calculated values for the distance and similarity levels at each step of the cluster amalgamation process used to construct the dendrogram. Table 4 shows the centroid values for each element in each of the two determined clusters. While the absolute value of cluster distances do not have specific meaning, comparing the distances between each cluster for each element in this data set shows that, apart from Cr, all are greater than unity and several approach double that value, indicating significant separation between the two clusters, given the normalization of the data. Post analysis communications with our archaeological collaborators confirmed the cluster analysis: samples 139-149 were from the dig site in Tarqinia, while samples 150-153 were from the site in Veii.
Conclusions
A custom irradiation fixture was designed and the neutron flux profile was characterized for the PSBR 2″ × 6″ irradiation tube that will allow for the simultaneous irradiation of up to 28 samples. The fixture showed a generally uniform neutron flux profile horizontally, and approximately a 20% difference in neutron flux values vertically. This new capability will enable researchers to conduct neutron activation analyses more efficiently and at lower cost for investigations conducted with a large number of samples.
The first application of this new irradiation fixture was the comparative NAA of 15 ancient Italian tile samples from archaeological digs in central Italy. The short and long irradiations allow for the determination of 14 elements, with concentration values spanning four orders of magnitude. Applying agglomerative hierarchical clustering methods to the elemental concentration data set indicated that the samples form two distinct clusters, and are thus likely from two distinct geographical sites, which was later confirmed by provenance information. 
